The mutant IGC 40 x 1001 of the yeast Pichia anomala IGC 4380, which displays inverse diauxic growth in a medium with glucose and malic acid, was studied to elucidate the biochemical mechanisms underlying that behavior. Time course changes of enzyme activities during growth of the mutant in that mixture of substrates indicated that the gluconeogenic enzymes remained active during the first phase of diauxic growth, while glycolytic enzyme activities were significantly reduced. This reduction was essentially due to an alteration in the maximum velocity and not in substrate affinity. Malate, citrate, and adenosine triphosphate did not affect significantly the activities of the glucose phosphorylating enzymes in cell extracts of either the mutant or the wild strain. In P. anomalu, unlike Saccharomyces cerevisiue, the fructose/glucose phosphorylating ratio was not associated with repression/derepression conditions.
Introduction
Pichia anomala IGC 4380 uses tricarboxylic acid cycle intermediates supplied exogenously as sole carbon and energy sources [l] . Malic acid, used oxidatively only, is transported actively across the plasma membrane in its anionic form, by a proton symport [2] . Both the transport and the intracellular metabolism of malic acid in IGC 4380 are subject to glucose repression, and derepressed mutants for the utilization of the acid in the presence of glucose have been * Corresponding author. Tel.: +351 (53) 604 311 Fax: +351 (53) 604 319. obtained previously [2, 3] . In a medium with a mixture of glucose and malic acid, the mutants grew biphasically, glucose being consumed only after malic acid was exhausted from the culture medium. This sequential utilization of the acid followed by the sugar was previously named inverse diauxic growth VI.
This paper describes an attempt to elucidate the biochemical mechanisms which may underlie this inverse diauxic growth in one of the mutants, IGC 40x 1001. Particular attention was given to key enzymes of glycolysis, gluconeogenesis and the pentose phosphate pathway, during growth of both wild and mutant strains in a medium with glucose and malic acid. 
Materials and methods

Microorganism, growth conditions and enzymatic assays
Pichia (Hansenula) anomala IGC (Instituto Gulbenkian de Ciencia) 4380 and the mutant strain IGC 40 X 1001 were maintained as described previously [3] . Before inoculating the growth medium for each experiment, the mutant was transferred from the selective medium to the maintenance medium used for the wild strain and grown for 48 h. For growth a liquid mineral medium with vitamins, supplemented with the carbon sources, as indicated in Section 3, and shaken mechanically at 25°C were as described by Carte-Real et al. [2] . Although both strains metabolized L-and not b-malic acid, the cheaper DLmalic acid was used in the culture medium. Unless specified, the yeast cells were always harvested in the mid-exponential phase of growth, washed twice with ice-cold distilled water and stored at -20°C. Cells grown in a medium with glucose or malic acid and harvested, respectively, at the stationary or exponential phase were considered derepressed, while glucose-grown cells from the mid-exponential phase were considered to be repressed. Cell free extracts were prepared as described by Perea and Gancedo [4] , with modifications, by shaking with a vortex mixer 100 mg wet weight of yeast with 1 g of glass beads (0.5 mm diameter) in 0.5 ml of 20 mM imidazole buffer, pH 7.0, for four periods of 1 min, with 1 min intervals, in ice, between them. After centrifugation at 15 000 X g for 15 min at 4°C the enzymes in the supernatant were assayed. References for the methods used for enzyme assays are as follows: phosphoenolpyruvate carboxykinase (PCK) (EC 4.1.1.49) [4] ; phosphofructokinase (PFK) (EC 2.7.1.1 l), fructose-1,6_bisphosphatase
(F-l ,6-BPase) (PFK) and glucose-6-phosphate dehydrogenase (G-6-PDH) in Pichia anomala wild strain IGC 4380 (black bars) and its mutant strain IGC 40x 1001 (white bars) during growth in a mineral medium with glucose (0.5%, w/v) and oL-malic acid (0.5%, w/v), pH 4.8 and 25°C. Letters on the X-axis indicate the times at which cells were harvested, as indicated in Fig. 1 . t (EC 3.1.3.11) and glucose-6-phosphate dehydrogenase (G-6-PDH) (EC 1.1.1.49) [5] ; pyruvate kinase (PK) (EC 2.7.1.40) [6] ; and glucose phosphorylating enzymes (G-Phosp) [7] . Glucose and L-malic acid were estimated as described in [3] . All experiments were repeated at least three times and the data reported here represent the average values.
Results and discussion
At different times during the growth of each strain in a medium with both glucose and malic acid (Fig.  l) , cells were harvested and used in establishing a time course for changes of the activities of key enzymes of glycolysis, gluconeogenesis and pentose phosphate pathway (Fig. 2) . In the mutant strain, F-l ,6-BPase activity was almost constant throughout the inverse diauxic growth, whether or not glucose was being metabolized (second or first phase, respectively). PCK activity was also found in the mutant during malic acid consumption (samples A and B). The very low activity of this enzyme in sample A may be because the inoculum originated from a culture in a glucose medium. Even so, in the mutant, such low PCK activity appeared to be sufficient to allow malic acid utilization in the presence of glucose, unlike what happens in the wild strain. Unexpectedly, PCK activity increased during glucose consumption (samples C and D, Figs. 1 and 2 ) reaching a maximum when glucose was exhausted from the culture medium (sample E).
With respect to G-Phosp, PFK and PK, the mutant displayed reduced specific activities during both growth phases, even during the consumption of glucose (Fig. 2) . This may posibly be ascribed to an alteration in the rates of glucose uptake. 
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Comparison of the specific activities of G-Phosp, PFK, PK, F-1,6-BPase, PCK and G-6-PDH in cell-free extracts of the wild strain IGC 4380 and mutant strain IGC 40X 1001 of Pichia anomala grown in a medium with either glucose or malic acid In order to elucidate further the regulation of the different enzymes, their activities were determined for cells grown under repressed or derepressed conditions (see Section 2) . Irrespective of the growth conditions, for all the glycolytic enzymes tested, the mutant displayed activity levels lower than those of the wild type. PFK was the least affected (about 30% decrease), whereas the activities of G-Phosp and PK decreased to less than 50% of the value found in the wild strain (Table 1 ). The decrease of G-Phosp activity was much more pronounced in glucose-grown cells. Thus, unlike the wild type, the mutant probably lacked activation by glucose of G-Phosp enzymes (Table 1) . As the activities of the mutant's glycolytic enzymes were similar in both glucoseand malic acid-grown cells, the preferential utilization of malic acid in the presence of glucose could not have depended on enzyme synthesis.
In all growth conditions tested, the activity of PCK was similar for both wild and mutant strains (Table 1) . In contrast, F-1,6-BPase, was active in the mutant not only when malic acid was used, but also in cells growing exponentially on glucose. Under the latter growth conditions, the specific activity was very close to that found in the wild strain under derepressed conditions, indicating derepression of F-1,6-BPase in the mutant. Further, the activity in glucose-grown yeasts of G-6-PDH (a key enzyme of the pentose phosphate pathway) in the mutant was double that of the wild strain (Table 1) .
Crude extracts of cells from both the wild and the mutant strains, grown in a medium with glucose, were used to measure the initial reaction rates of G-Phosp and PK enzymes. Lineweaver-Burk plots (not shown) gave the following values for Vmax in pmol (mg protein)-l and half saturation constant (K,) as mM glucose for G-Phosp and mM pyruvate for PK. The K, and V,, for G-Phosp were 0.15 and 0.75, respectively, in the mutant and 0.2 and 2.0 in the wild type. The corresponding values for PK were 0.16 and 0.95 in the mutant and 0.13 and 4.2 in the wild type. For both strains and both enzymes, the K,,, values were not significantly affected, and the reduction in activity was mainly due to a decrease in the V,,. Similar results were obtained with cells of the mutant growing in a medium with glucose plus malic acid during the first growth phase, associated with malic acid consumption.
Malate, citrate and ATP have been described as allosteric effecters of the glucose phosphorylating enzymes in Saccharomyces cerevisiae [S] . However, in extracts of both wild-type and mutant P. anomala grown in glucose medium, neither malate (l-20 mM) nor citrate (l-5 mM) nor ATP (0.1-4 mM) affected the activity of the glucose phosphorylating enzymes significantly.
In S. cerevisiae repression and derepression are associated with a fructose/glucose phosphorylating ratio (F/G) above or below 1, respectively [7] . In P. anomala, both in repression and in derepression conditions, the values of the F/G ratios obtained for the wild strain were equal to or slightly higher than 1 (1.0-1.2) whereas those for the mutant were slightly lower than 1 (0.940.96). Hence, unlike S. cerevisiae, in P. anomala the values of the F/G ratio were not associated with repression or derepression. The isolation of mutants of Pichia pinus insensitive to glucose repression in which hexokinase was not affected has been reported recently [9] , and hexokinase activity has been found to be inversely proportional to glucose repression in a strain of Candida utilis [lo] .
In summary, our studies concerning the activity and regulation of the representative glycolytic and gluconeogenic enzymes indicate that in the mutant, unlike the wild strain, (i) the gluconeogenic enzymes were not regulated by glucose catabolite inactivation, (ii) F-1,6-BPase appears to be derepressed in the presence of glucose and (iii) G-Phosp, PFK and PK exhibited a significant reduction in their activity during both phases of inverse diauxic growth. However, identical low activity levels were found for the last three glycolytic enzymes in glucose-grown cells, suggesting that such levels should be sufficient to allow glucose metabolism in the presence of malic acid. Therefore, the results could not explain the non-utilization of glucose in the presence of malic acid by the mutant. As mentioned in Section 1, the mutant was derepressed for the transport of malic acid in the presence of glucose, so malic acid may, perhaps, interfere with the transport of glucose, in the mutant, limiting the entry of the sugar into the cell and, hence, its intracellular metabolism. Studies on such interactions and their possible role in the non-utilization of glucose in the presence of malic acid, by the mutant, are now under way.
